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CHARTS FOR HELIGOPTER-PERFORMANCE ESTIMATION
By Herbert W. Talklin

SUMMARY

Charts are presented relatling helicopter aserodynamioc
deslgn varlables to performance in steady powered flight.
The flight condltions covered are hovering, c¢limb, and
horizontal flight. Eellicoptar speed and 1lifting rotor
power can be found from the charts for known values of
fuselage drag coefficlent and an average effectlive hlade-
olement drag coeffliclent 6. An abbreviated method for
estimating &6 from the alrfoll polar 1s explalned.
Although the main emphasis of the report 1s on relating
the design varlubles to performance, brief consideration
1s glven to tha effects of & number of secondary vari-
ebles, among which are the number of blades, the rotational-
energy loss, and the blads shave. An approximate method
for estimating the ccnditlons for blade stall 1s also
explalned.

The use of the charts 1s l1llustrated by numerical
examples In order that computations can be madse for
particular problems. .

INTRODUCTION

Existing heliocopter serodynamic-performance theory,
like propeller theory, 1s useful for the correlation of
data and the selection of deslgns. The large number of
variables affecting helicopter performance, howaver,
leads to computational difficultlies. As 1la all such
cases, computation can be reduced by the use of graphs
showlng the relations among the essentlal parameters.

In the present paper, equations for such graphs are
derived and the use of the resulting charts for per-
formance computation 1s explained.
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The primary purpose of the report is to pressent,
for numerical application, the relations among the
serodynamic design and performance parameters. The actual
porformance of a glven hellcopter 1s influenced by a
numbar of secondary narameters, any one of which has only
a small effect on the over-alil performance but the
quantltetive estimation c¢f which presents great Ciffi-
culties., Whon the deslign variables have been salected
for a given hellcopter, howsver, it 1s only by mesens of
the secondary parameters that the efficlency of the hell-
copter can be imoroved. For this reason the secondary
narameters or efficlency parameters are thos proper subject
of basic hellcorter resesrch. ince the efflciency
paramoters used hereln are for tha most part 1deallzed
or neglected, tile numsrical results obteinod ere con-
sidered to be only spprcximate In absolute valus but to
give a trus representation of tie relations among the
design parameters. The results skould thersfore lLe of
precticel asslistance in comparstive parformance studles.
The accuracy with which the performsnce must be predicted
in & given case will Adetormine the extent to which ths
efficicncy paramcters should be investigatsd. At
nurbor of places in the report sscondary parametsrs have
heen briefly discussed. Only the following should be
considered design psrametars:

Y heliconter spsed parameter

Yt blads tip-speed parameter

r rotor-vowsr loadling parameter

6 average offective blade-element C¢rag coefficlent
CDf fuseluge drag coefflclent

o rotor solidity

The text of this peoer ia dlvided, for conveniencs,
into rumbsered s2ctlons. In section 1 = general equation
for the asrodynamic serformance of helicopters in stoedy
flight 1s derived from familiar haliccpter theory. In
sections 2 to 5 the «enerel equation is appllied to the
cona“ruction of grephs for the solution of probloms in
herizciital £1lisht and c¢limd and the nurericsl applica-
tion ot the charts i1s explained. The spaclal problem
of the ccnditions for Lleds stall in horlzontal flight
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18 considered in section 6. - In sections 1 to. 6 the
problems have been ldeallzed by the use of an average
eiffective blade-element drag coefficient and by neglect
of the rotatlional-energy loss and the loss due to flnite-
blade number. Methods for estimating these factore are
developed in section 7. Finally, in section §, a numerical
example for a typlcal lLiellcopter is worked out to illus-
trate the application of the charts and methods developed
in the report. The example is so arranged that computa-
tions can be made for a glven problem wlthout referring
to the body of the report. Symbols are defined in the
appendizx.

l. GENERAL THEORY

A general equation for the aerodynamlc perforiwance
of hellcopters 1n sleady powsred flight is derived by
a procoadure simllar to thet of reference 1. First, an
expression 1ls written for the power requlred to produce
a Jet of alir through the rotor disk in the absence of
blade drag. Thls peower is a functlion of the inclination
of the d'sk to the alr stream. The engle of inclinetlon
of the dlsk ls then deteimlned to provide a horizontal
component of thrust equal to ths component of the totel
hellcopter drag. Next, an expression is obtained fTor the
powsr increment arisine from the rotor torque due to
profile drag of the blades. Finally, the totul power
requlred for flight 1s expressed in terma of fundamncntal
parameters.

Part of the rotor power 1s used for producing a jot
of alr; the remaining power 1s used 1ln overcoming the
blade profils drag, that 1ls

P =py + pg (1)
whoere
P rotor power, foot-pounds per second
Py induced power (rotor powsr producing thrust)

Ps power lost in blade drag
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The power lmparted to the thrusting jet 1s equal to the
thrust multiplied by the resultant velocity at the rotor
disk in the direction of the thrust. {(See fig. 1)

P; = T™(v + V s8ln a) (2)
where
T rotor axial thrust
v inducoed axial velocity in the rctor disk
v veloclty of the hellcopter along 1ts flight path
a angle between rntor dAlisk and flight path

From flgure 1 1t m2y be sseen that

1
= + &%) 4 sin o (3)
cos ¥ 2 f
whare
w gross welght of the helicopnter minus the fuselago
lift

Y angle between rotor disk and horlzon

retor-disk arca
P ness denslity of alr at altitude

Cormbining esquations (2) und {(3) and making use of
the relation a = al + ¥ gives

— . "’
pi = m[;os ; + V(sin aq + cos aq tan 1%

+ EV2¢_ Afv + ¥ sin a) sin a ()
2 Dp

L,
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S It willl te .found cenvanient to apuproxlimate equa-
tion (l1) by the simpler expression

— T h ) _E 3 2
p1 = %[} + J(sin al + cos al tan 1ﬂ-+ 2V chA sin a4 (5)

Reference to flgure 1 shows that

tan y = -b (6}

k]

where
D, horizontul component of helicovter drag, pounds
In order to obtaln o solution for Lan ¥, the con-

trivutions of the fussluge and rater lisk ma; be sena-
rateda; thus

s}
L)
]

whare th angd Dh apnly t©n the iusslage 2ud rotor
Q

d1lsl, respect!vely.

In deriving an exovoression for Dh s Sevcrel sapproxi-
o]
mations are made, as follows:

(a) The induced velocity ic neglaected.

(b) The veloclty over the blade sections is
approximsted by the component normal to the
blade end in the plane of the disk.

(¢c) The value of D, is epproxlrated by its com-
ponent 1in theadisk; that 18, cos ¥ = 1,

Although thesc spproximations are ell optimistic, they
are considersd Lo result In a negligible decrcase in
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the total rotor power requlired by the helicopter for
flight.

For rectangular blades and constant blade-element
dreg coefficlent cdo’

2 1
~ P 2
Dhb..EFbcchRJf de[ (V cos ay sin W-FQRX) sinydx (8)
0 0

where

b number of blades in rotor disk

c blade chord

¥ angular nositlon of blade in plane of rotation or
hlade azirmuth mreasured from down-wind vosltion
in direztion of rotetion

0 rotor anguler velocity

R rotor disk radius

x radius ratio (%)

r redius to a point on the rotor hlade, feet

Integration of equatlon (8) gives

AV 2
Dng = hemdo BT (9)
where
c rotor dlsk sollidity (%%)
V cos a
B = —s
QR

Also,

D, = g Cp AV® cos ay (10)
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where
*.6D helicopter drag coefficient mlong flight path,
f exclusive of rotor blaedes, based on rotor-disk
ares A

It follows from squations (&) to (10) and figure 1 that
for any steady flight condltion

oc
- 2 dy
tan & = > Y (}55— cos aj + CDé) cos ay (11)

where pb 1s the mass denslty of alr at sea leval and
Y 1s the flight-sneed paramuter,

On tre basls of the wrproximations made ln setting
un equation {8), thc cvower {rcoletive to the helin outerf
ehsorbed ir th-s prnlfils dreg of the rotor 1s glvexn by

am 1
= 2 y 2, @a
Ps = F%bccdoﬂ}" f d\!!f (V cos a, zinw+ QPx} X CX
0 0 '

Therefore,

2
- 51+ 3
Py = ‘goﬂdoAV —;3'&— cos”aq (12)

The expression for tan ¥ from equation {11l) is sub-
stituted irn eguution (£) to obtain Py and, with Py from

equation (12), there 1s ultimately cbtained Ffrom equaetion (1)

£ O'C
550F=Y(=:,£+ sin a]) + _éC_‘ ¥> Cpp * °(1 + 3u2) cosday| (13)
bud
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where F 1ls 2 4 él and 1s equal to .-—-J“—-' with M
W Po 550MVp ¢

the "figure of merit" of Glausrt (reference 2). In terms
of thrust and torque coofflclents

C

where
Cy torque coefficient (——-ii—‘f
pAR(QR)Z

T
Cp thrust coeffliclent (-—-——“75)
pA(GR)

The use of approximation (b) in the derivation of
squation (13) results 1n some error. A more nearly exact
anelysis not involving assumption (b) has besn made 1n
roference 3 from the results of which 1t 1s concluded that
in equation (13) the coefficient of p2 should be eporoxi-
metely li.6 instsad of 3. Wlth this change, and for any
blade shape, equation (13) »ecomes

550F = Y(§-+ sin ai) + %PY5 Opp + iul(l + l.6p2) cos5a£] (1)

L3
where
6 rotor-blade average effectlve profile-drag coefficlent
(3ee sectlon 7a)
o] equivalent solidity

Cx solldity at x, %%%)

The cholce of the deflnition for o 13 based on the
profile-drgg powsr loss In vertlcal flignt, where 1t apnlies
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exactly. That ¢ 18 also a good approximation for horlzontal
flight 1s ashown by the negligible effect of blade taper on
the stalling limit oYt2 in section 6,

An expression for. v/V needed for the solution of
equation (1) 1s obtained from the general momentum equation
assumed for the thrust of an "actuator disk" in reference 2

W= T = 2pAB2YV! (15)

In which B has been 1lntroduced as a correctlon for the
tip effect due to finite-blade number, Values of B are
derived 1n section Tec. Tho resultant veloclty at the
rotor V' is the vector sum of the translational and
Induced velocltles

VI2 2 (v + V sin a)2 + V2 cos2a (16)

Elimineting V' from eguationa (15) and (16) and making

use of the definition Y = VI/% §~ glves
. 70

¥- 2p0B222i/G;)2 + 2% sin a + 1 (17)

2. IIORIZONTAL FLIGHT

Derivation.- In horlzontal flight, cos a] = 1 and
equatinn (1l ) becomes

' 2
550F, = %h;yh + EéQYhi (chh + 06 -1-—+-f5—6—“—) (18)
: i

Values of. vh/Vh invequation (18) may be obtailned
from equation (17), If -2 sin a 1s considered megligible
\'}

compared wilth unity, equation (17) reduces to
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Vh 2 [fmNe |
v—h-=2p013.21h- (ﬁ 1 (19)

Fumerical application.- In the followlng explanation

of a method for the numerical solutlion of problems on
horizontal flight the application of equation (18) is
shown. The power-loadling parameter can be expressed as
the sum of several contributlions which are described,
togather with grephical means for obtalning. them.

The induced power-loading parameter for horizontal
flight is given by thse first term on the right of equa-
tion (18) and is represented by

Then,

Vh
"in = %, 550 (20)

A plot of FL1 against Y, obtalned from equations (19)
and (20) is given in figiFe 2.

The drag contributions to F, are glven by the

last term in equation (18). The total hellcopter profile-
drag coefficlent 1s represented in this term by the coef-

ficient of P~/2)Y 3, which 1s separated into the part
h

2
contributed by the rotor blades OB l—i—'*gé&- end that

due to the rest of the machines CDf . %ﬁe fuselage-~drag
h
contribution to Fh ray be represented by
R 3y F )
T owiw R

PN,
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where Pf 18 the horsepower required to overcome fuselage
dreg. -~ Then, from-equation {18),

=fo_y3 (21)

Equation (21) is plotted in flgure 3.
Let the rotor-blade profile-drag contributlon to Fy

be representsd by
p. =18 /A P
5 WwWYWw Py

where P- is the horsepower loss due to blads profile
drag. wrom equetion’ (18)

_foom 1+ .62 3
TR ST 5 m (22

Y
Suvstituting in equution (22) the value p = T% glves

¢
0 & 2
Fg = B 550 (1 + L.6p )Yt5

or

Fg _ Fo¥y”
o6(1 + L.6p2)  Lhoo

Equetion (23) is plotted in figure L.

(23)
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It wlill be recalled that equation (18) has been
developed for an actuator disk and therefore does not
allow for the rotational-energy loss in the weke of
single-rotation rotors nor, with B = 1, for the tip
loss due to finlte-blado number. These small effects
are evaluated in sections7?b and 7c, respectively, in
terms of Fpng» the 1ncereaese In F due to slipstream

rotation, and F, due to finlte-blads number b.

The summatlon of the contributions to F, gives,
In the order 1n which they have been explalned,

+F. 4+ P. + F + F (2l)
ih fh 9 rot b

The numerical application of equation (2l;) is i1llustrated
in section 8b.

The effect of blade shape in equation (24i) has been
considered only lnsofar as the plar form affects the
value of O used in calculating FG' Blede shape will

also have some effect on the induced nower-loading
terms Fih, Frot’ and Fb.

5. HOVERTNG AND VERTICAL CLIMB

Derivation.- In vertical climb, ein a = 1l and
equation (1) bescomes

o

or. = (=X +1) 7, + 2. v.3 4+ w3 (2
SSFV_VV v 2vav Sct 5)

Likewise, from equation (17),

Vy 1(? 2
= = =(-1 +,/1 + —5— (26)
VV e ‘/ poBde2>

L -
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. Fliminating v,/V, from equations (25) ‘and (26) glves

B L

v

Po ,
550F, = ..21 \[ aro + =2 0p, Y2 + %1 ooY,?  (27)

The effect of the induced veloclty 2vv in increasing

the fuselage drag and, therefore, the thrust has not
been allowed for in equation (27; This increment in
thrust is generally emall in hovering and decreaeses with
Increasing rate of climb.

Effects of blade plan form and twist.- Equation (27)

doea not inclucde the =ffects of blade pnlan form and twist.
Whan the determinetion of theac e€ffects for a particular
blade is desired, eclement calculetions mey be mads. For
that purpose, blade-slem:nt Tforrmilnc ars developed herain
from the vortex theory of raierenco L. The smull rota-
tionel interferenze frctor a' will bs neglected arnd

the rotationul-snargy loss will bs covsrod in section 7b.
Then, from retersnce l., in tho notation of the precent
paper and wlth a' = 0,

d’JT o) }-2
= cos - ¢35 sln sec? (28)
o ( Iy # d, ﬁ)
and
2,
ac 0 x’
-EI-Q (czx sin ¢4 + tg, ©°8 p’)aec (29)
Also,

vg + V 2
cos ¢ - cy sin g = X v Ex sin’g
x o 1+ v, +Vy

cy (30)

- 1
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where
14+ v, +Vy = 955—%55J2 (31)
and
= a(f_ - (32
clx ( b 4 ¢) 32)

For gmall values of @&, these equations become approxl-
mately

dCp  0.x°

ax - > czx (33)
g _ B

dz 2 (OZI¢ * cdo) (3L)

Vy * Yy Sxg®
[ -
Zx 1l + v.v + V.v Gx (35)
where
QP

1+vv+vv=—v-‘-:£¢ (56)

and equation (32) remains unchanged; then

c, = a(ex - ¢)

X

Eliminating v, + V, from equations (35) and (36) gives

o}
ﬂg - xclx QFx¢
tx Qrxg - V,

(37)
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For hovering V., = O end from equation (37)
c_C3 -
I X
7=z (38)

Solving for 0y from equetions -(32) and (38) glves

o e o
ezx = % SBx + 53% - Vg:% (16Bx + 3;5) (39)

Also, substituting equetlon (38) in equation (34) gives

d? 3/2 |
C ) + 0 Cd (L].O)

For blade-elemsant calculatlons in vertical c¢limb, equa-
tions (32}, (33), (3l.), and (38) apply ond in hovering,
equstions (33), (%)), and (10) Frapblcal integration
over the rotor radius glves Cp and CQ, which sre

related to the tip-speed parameter and power-loading
parameter used hersin as follows:

/ 1l
Y‘_ = ———
] p:cT “—l—l)

F = pgC

In the applicatlon of the vortex theory it should
be remembered that the results obtalned are subject to
such errors as arise from the assumption of lndspendence
of blade elements on which the theory 13 bessed. This
assumption 1s believed to be satlsfactory for the low
rates of axlal edvance and light disk loadings at which
hellicopters operate.
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Numeriocal application.- As in the case of horilzontal

fllght explained in section 2, the power-loading parameter
in vertical flight can bte expressed as thoe sum of several
contributions, which are described in this section,
together with graphical means for obtaining them.

The 1nduced power-loading parameter for vertical
flight 1s represented by

The quantity F, is given in equstion (27) by ths sum
of the torms 1ndgpendent of 6. Then,

- 2, 2 3 ,
11001-“1v =Y, +Vﬁrv + ; 2 + pbch Y, (43)
0 v

with B = 1, eguetion (43) gives the induced power-
loading parameter Fy for an ectuator disk In vertical
v

flight. The quantity Fy; from equation (L43) is plotted
v

against Y, 1In figure 5 for several values of CDf .
v

celsuletions made for untwisted rectanguler blades by

means of the blade-element ejuations (33) to (LO) show

an increase in Fy of aporoximstely 6 percent. It is
v

therefore suggzested in figure 5 that, for untwisted
rectangular blades, velues of Fy obtained from the
v

curves be ircreased by 6 percent.

It will be noted from equation (27) that the nrofile-
drag contributlon to F, 1s glven by eguatlon (23)

with p = 0; that is,

3
Fg _ FoYg
o6  LLoo (LL)

Values of Fg may be obtained for krown values of ¥
and o8 from figure L with p = O,

WSS EEREG-
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Equation (27) has been developsd for an actuator
"dlsk-aend does not, therefore, allow for the rotational-
energy loss 1n the wale of single~rotation rotors nor,
with B = 1, for the tip loass due to finlte-blade number.
These small effects are evaluated in sectlions 7b and 7ec,
respectlively, in terms of Frot (the increass in F due

to slipstreem rotatlon) and F,, due to finlte-blade
number,

The summation of the contributions to F, glves,
in the order in which they hsve been expleined,
Fy = Fy + Fg + Frop + Fp (1,5)

The numerical auvupllaatlon of egnatlon (h5) 1s
1llustrated In sectlon 3a.

h. crim

Derivation.- The rete-~of-climb psrameter ls deflned

as

Y, =7 sin aq (46)

For known velues of Y and a; the power-loading
perametar F corresponding to Y_  1s glven by sgue-

tion (14). When the power-loading perarster ls known,
however, the rate-of-climb pararstor nsy bhe obtalned
convenlently as & function of ths difference betwsen
the power-loading parameters recuired in cliwb and in
horizontal flight at the same values of ¥ and of CDf'

Such a relation can be obtalned by subtracting equa-
tlon (& fror equstion (). Before the subtraction is mads,

Y cos ay
1t 18 necessary to substitute p = ———i————- in equa~
t
tion (1) and pu = X 4n equztion (18). The result

Yy
1s

-
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v V.

550(F - Fy) = Y, + (V @y + 1.15087,Y,°  (47)

Tn aquation (L7) the last torm is considercd negligible
for normal velues of 6 and the eguation may e used
as

550(F - Fy) = Y, + (% - %—)Y (46)

The coefficlent of Y 4n cquation (48) is also small'
end may be satisfectorily cemputed from eguation (17)
with s8in a = sln a;. The phyaical slgnificence of equa-

tion (48) is simply thet the excess power requlred for
climb over that required for horizontal flight at the
same spead end dreg coefliclent CD 1s equal to tho

power necassary to raise the gross welght of the helicopter
W plus a small correction for ibhe changed induced loss,

Numericel applicetion.- Equation (L3) 1s plotted in
figure 6 for several values of Y. TUse of figure 6 to
find the rate of climb at eny climbing speed nocessltates
flrst that a value be found for Fy %aection 2), which
1s the vower-loading parasmeter for the horizontal-speed
parameter Y, equsl tc the climbing-speed parameter Y.

P A
wVw _F-%’ calculate

Theu, with the known value of T =

F -F, and read Y, from flgure 6, Interpolating to
the known valus of Y. A numerlcal szxsample 18 worked
out in section Ee.

5. SPEED WOR MAXINU¥ PATE OF CLIHMB
AND FOR MINTMNU¥. POVER

Derivation.- It 1s approximated that the best cllimbing

speed 1s equal to the horizontael speced for minimum power.
The condition for min;ng power las the same as for mini-
mum Fy, with fixad % 5 and fixed tlp speed {R. From
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.equation (18),

&Fn _ _d
299 3w, T aw, T Yh) + 200D Tn® + 1.15p500%; %, = 0 (49)

and, from equation (19),

_d_(m - /T (50)

4% am—
AYh \Vn 1+ E(Vh/Vh)a

The condltion for maximun vower loading found by substi-
tuting equation (50) in equation (49) 1s

< _ Y/ Vh
L+1500%055(%0% + 1-3%00y D) 1+ 2(w,/Vy)? o)

where vh/Vh 1s given by equation (19) and Yhegt 18

L2

the velue of ¥y = Vn |fyy bo

for minlmum Fp.

Figure 7 is a nomograph for the solution of equation (51).
The figure was constructed as follows: At Ypheggt = O
a vertical scale of ¢gb6Y¥t was 1lald off. At Ypegt = 153
anoth.er ordinate of

06Yt + 1.3(153)Cne = 08Y + 200Cp,

was constructed in the same units. Equation (51) was then
plotted on these scales wlth the ordinate reprssenting
06Y; + 1le5YbhegtCDpe Tho solution for Yhest 1s at . .

the intersection:of the.curve. {(solid line) with
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a straight line (see sample long-dash line) from the
value of ¢&6Yy on the left-hand scale to the value

of obYy + 200C, on the right-hend scele. In order

to extend the range of ths vertlcel scsle, a second

curve of equation (51) has been drawn (chort dash)

based on ordinates ten times as larege &3 the vertical-
scale values shown in the flgure. The use of Iigure 7

Je eoxplaincd in more detall on the puge facing the flgurs.

NMumerlical svplicetion.~- In order to caleculate tlie
maximum value of the retse-of-climb parameter’ Y, 1t is
necessary first to find the best climbling-speed parameter
Yyvast 8and the corresponding nower-loading parameter Fy»
Values of Ybest can bs found LY ir2uns of flgure 7. The
corresponding value of %, ls obtained from section 2
for Yy = Ybegt' The value of Y, cen now bs detsrmined

4.

from section and figure 6. A numerical example is
worked out in section Sd.

6. STALLTNG TI¥IT IN HCRIZONTAL FLIGHT

Derivation.- Stalling will occur first at the tip

of the retreating blade of & rotor in horlizontal flight.
This stalling i1s considoered a2 limitlng condition for
satlsfactory performancs in respect to vibrsetlnn, control,
end efficliency. In thls section, the stalllng 1imlt is
determined for rotor btlades with lineesr twist and taper
with the assumptlon of uniform axial inflow veloclty w,

and without blade coning.

The analysis 13 simllar to that of reference 2
wlith the following chenges:

(a) Tke disk 1s tipped through the angle 4 to
prnvide the horizontal force required for flight in
addition to the angle v,/V,, (see equation (19))

revresenting the effect of uniform induced inflow
(b) Rlades with linear taper and twict are included

The elemental thrust of the rotor disk in horilzontal
flight moy be expreseed as
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gﬁ
f-’f
e be ) .
ar  _ P
aray = o e(0x - )z v (52)
where
V" = QR(x + p sin V) (53)
Also,
A
g = —a (54)

X .
E + 8S1in \ll

where A/p 13 the argle between the rotor dlsk and the
resultant veloelty

=‘—,§+ ", (55)

Blade taper ls represented by the relation

oy = [z: + x(1 - k)] oy (55)

where k 1s the blaede linocar teper ratio. The blade-
pltch ungle at any ponint on the disk 1s glven by

8 = 8 + 8,(1 - x) - 8, sin ¥ (57)

where 91 js the angle of llnear twist and 62 1s the
amplitude of hermonic pltch control.

The thrust coefficlent 1s then obtalned by substi-

tuting equationa (53) te (57) in equation (52) and meking
use of the deflnltion of 0; thus,
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1
G = hf 0x13 dx
0
be_
O = —=
X R
Then
hoy M 5
—_ (h + x - xx)x’ dx =
ou
0
21
1 2 A
— ay | (k+x-kx)(x+pu sin )| 0+ 6(1-x) - 92 sin { - :
L A A x+p sin )

(58)
Performing the 1lndicated integrations ylelds

Cp | . 6 k 8
Tark k=_3;|i5_t5_2_+(1+2k)p2] +§E|:5+k+ 5(1+k)+&2]

ca 5 2L
_2+ % 8 L
1o ( 2 + u)u (59)

The amplitude of c¢ycllic pitech control 92 is deter-
mined by the condition for 26¢ro rolling moment on the

disk:
dCT 6
av| x sin Y dx = 0O 0
5 dx 4av (60)
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The result-is . - . e o

_ &P (3 + 2K)3; + 5(3 + k)8y - 5(2 + KA

8, = 61
2 3 2(h + x) + 5(2 + x)pe (o1)

The 11ft coefficlent et the tip of the blade ie
glven by

For the retreating blede, V = 2" and
A
c =af{8, + 6, -
Ly (t: 2" 12 ;) (€3)
By meens of equations (59}, (61), enll (63), values
of oY 2(= 2 may be calculated for given values of
t\ Rl

AJu end p when ¢y s 8 8;, end Kk have been

selected. For the values °, = 1.5 and a = 6, curves

of oYta agalnst A/p for several values of p are
plotted on the uppsr part of figure 5 with B =0

and k =1, that 1s, for untwisted rectangular blades.
The arbltrary cholce of the conditions cZt = 1.5 and

a = 6 involves fundamentally the choice of an absolute
angle of stall

®1
t 1.
= -gi = 0.25 radlan
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for use in equation (63) and of the value a = 6 as the
——coefficlent of 0 1in equation (59). Accordingly, the

results obtained apply to all values of a for which

c

]

—EE = 0.25, provided that the value obtained for O 1is

miltiplied by ©6/2. The effect of_linear twist is

11lustrated in figure 9 where 0Y,2/1000 1is plotted

against the linear twist 67 for p =0.3 and % = 0.1.

Taper 1s shown 1n figure 10 to have a neglligible effect
on the stalling 1limit over the range of taper ratio
shown.

Tn order to use the stallinﬁ-limit curves in fig-
ure 8, 1t is necessary to find /u  for each operating
condition. From equatioms (11), (19), and (55),

Tl

‘2

£.¥

Cp— + Oh -%5 + 20, (6L)
apoBthz h

Tn the lewsr part of figure 8, Y, 1s plotted against

A/u for a range of values of (?% + Zch:> with B = 1.
h

e m————

Numerical applicatlon.- In order to calculate the

stalling limit tha it 1s necessary first to find the

value of A/u. This value mey be determined by means
of the set of curves in the lower part of rlgure 8 for

o glven value of 2+ 20p, - The stalling limit 0¥ 2

is then reasd from the upperhpart of the flgure for the
glven value of u. 2The value of O corresponding to the
stalling 1limit oYt may be compared with the known value

of 0 to find whether the gilven solldity 1s greater or

less than that requlred for a meximum 11ft coefflciant

on the rotor blade (at the tip of the retreaténg blade)

of 1.5. The value of the stalling limit oY, corresponding

to a glven Y, may also be obtained by making successive
spproximations to O.
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“  Flgure-8-1s for untwlsted rectangular blades. In
order to find stalling limits et angles of attack other
than 0.25 radien and for blades with linear twist and
taper, cherts similer to that of the upper part of fig-
ure 8 can be plotted from equations (59), (21), and (55)
A numerical example 1llustrating the use of the charts
1s worked out in section 8e.

It should be noted that figure 8 has been constructed
for zero conlng angle. The effects of coning are discussed
In reference 5, where coning 1s shown to lncrease the 1lift
coefficient at the tlp of the retraating blade. A simllar
effect of blade radial curvature 1s shcwn in reference 6.
Thus, when figure 8 1s applisd to actual coning blades,
the stalllng angle of attack 1s somswhat higher than the
value of 0.25 radian for which the flgure was made.
Reference 5 also corrects the angle of attack at the
blade tip for the average tip-loss fecctor B by assuming
that the disk loading 1s affectively Ilncressed by 1/E2.
1Ths correction for tip effects on the retreating tlade
is not kmown, however, and 1s probably considerably
different from the average corrcction for the dAisk. A&s
2 result of these blade-delleztion and tlp effects, the
metinod that has been vrzsented nereln tor determining
the tip-stalling 1limit does not spez:lfy the actual ongle
of atteck at which the tio will stall. The chioef value
of charts like flzure & choulx be In corrslatlng the
incldence of stsll wlth helicopter daslign parsmeters and
operating condltions.

7. SUPPLEMEXTARY TOPICS
a. Effective tlade Proflile-~Drag Coefflcisent ©6

Derivation.- A method of calcvlating the profile-
drag vower loss of a rotor 1in forward flight is explained
In reference 7. The method invoives calculatlon of the
blade-element engles of attack st 360 statinns over ths.
rotor disk and graphical Integrations along the radius
and around the circumference. Reference 7 also presents
contour maps of the angles of attack of the rotor-disk
blade elements for untwlstsed rectargular blades. - Examl-~
netion of these contours suggests that some of the work
involved in finding the profile-drag power loss may be
eliminated by the use of an average effective blade .
profile~draz coefficient 06, wlth the approximation
that the drag coefflclient 1s constant along the blade

-
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and sequal to the value near the tip. This approximation
1s suggested by the relatively smalil charnge with radius
of the average angle of attack per revolution indlcatsd
by the contour plots of reference 7. Use of the tip~
drag coasfflclents as representative 1s further suggested
by the fact that the drag power loss 1s predominantly
determined by the tip drcg :znefflicients, as 1s shown by
the weighting curves presented in figure 8 of reference 7.
The drag power loss 1s ales shcwn by equetion (8) to
Increase wlth nearly ths cube of the radlius for constant
blade dreg coefficient.

The method presented herein for determining &6 1is
based on approximations suggested by the foregolng con-
slderaticns. The determiration of & 18 made first for
untwisted rectangular blades neglecting axial Inflow, 1u
wirlch case the angle of ettack a 1s constant along the
radlus but varlies with azimath - and tip-szpeed ratio .
The effects of Inflow and blade shapse are then briefly
considered. The method consists In calenlating values
of the blede=slement 1li1it cosrficient c; &3 a functlon

of oYta, L, and V¥ and using c, to read ¢4 from
o]
the egirfoil nolar. The values of cdo thus obtailned

re thon multiplied by weighting factors and integrated
graphically to find 6. 1In order to finad Sy the value

of By is first obtained from eguation (57) for x =1

53,-_-1 = Gt - 62 sin \L' (65)
where
9x=l blaede pitch engle at tip and at azlwuth ¢
Bt vlaeds pitch angle at tip and at azismth ¥ =0
92 amplitude of harmonic pitch control for lateral
balance of the rotor
Also, from equetion (61), for 8, =0, k=1, and % = 0,
16u8
8, = ——= (65)
2 6+ 9y
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u 1la the tip-speed ratio V,./QOR.
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where
From équa%iﬁné (Bés-éﬁé (66), °

7
! 16|J.
8., =68, 1 =~ ————— gin V¥ (67)
Similarly, from equation (59), for el =0, k=1,
and A = 0,
"
Cr. 1 8,2
é —t = :-(2 + Z,ua) - ._._E.'__. (68)
& @8 = 2
t 2+ Zu
°1
Suvstituting for o, from ejuation (87) with 0, =%
and Cp = > results in
Fy¥e
2 16
2+ 35" -~ T posin ¥
1z <
Gcl7t2 = > (69)
C (2 + 342)° - 16,7
Curves of oczYtz/IOOO from equation (69) are plotted
against T % In figure 11 r:>r a rznge of values of Q.

The weighting fector will be obtained as

(70)

27 d .y -
— (p: + ¥
av ( 5 v h“hé)

W.F. =
Pg * thha

where Pg and Dh5 are given in section 1. The result
of performing the differentiamtion indicated in equation (70)

18 then
SR
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_(p sin V + 1))'L ~ (p s8in W)h

W-F! - 2 (71)
1+ 3
The value of & mey be obtalned grephicelly as
1 Y
5 = 'ﬁ' (W-}"'.)cdod\lf
X
2
1
[ v _ 1
_JO (v.F.)cdod(,., 2) (72)

In the upvner part of figure 11, W.F. 1s plotted against

% - % Tfor several velues of .

Nurerical gonlication.~ The curves of ocLYta/IOOO
in figure 11 &re ucred to calculste valves of c; for a

number of valuess of # - % ronring from O to 1. The

corresnunding values of cdo from the blade elrfoll-

prefile polar (see, for example, fig. 12) ere then
miltiplied by ths weightin% foctors W.F. resd .from

igura 11l. The products W.F.)cdo re plotted

against % - % and the value of & i8 glven by the

area under tlie reosulting curve. Such a curve 1s shown

in figure 13 (solid line). Tnr blades with section profile
varylng elong the radius, 1t is suggasted thet the polar
for the seztlon at x = 0.3 be used. The use of figure 11
is furtler sxplained on the page fzcing tha figure.

Blade twist and the flow through the dlsk will affect
the value of &. These effects bccome exagizeratad when
the blade loasding 18 sufficiently high to cause the blade-
elemant 1ift coefficlents to reecn the steeply rising portion
of' ths dreg-1l1ft curve, that 1s, when the stalling limit
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~.1s approachad. In gugguques a more satisfactory approxi-
mation to 6 will be obtelned 'b¥ 1ncluding the effect
of inflow. Figure 8 shows the effect of infloy angle,
expressed as A/u, on the stalling limit oY, < for
constant u. The values of c¢; obtalned from figure 11,

before belng used to obtaln values of cdo from the

alrfoll-polar curve, should be incressed in approximately
the same proportion as the rise in the stelling-limit

curve from % = 0 to the value of A/u glven by flg-
vre &.

The effects of bleds taper emd twist on 8 could
bse handled in a similsesr mennar but the determinetion of
thess effects 1s conslder:24d outside the scope of this
pamer,

A numerical exampls 1s worked out in section 8.

b. FRotational-Eneray Loss

In figure 1, figure 86 of reference 2 1s for con=-
vanlerce reproduced in part in terms of the parametsrs
of the present paper. Filzure 1L shows the variation of
the figure of merit M wiith Op 1in hovering for the
condition of aporoximately constant exial velocity along
the radius without profile drag. The "ideal" condition
of the actuator dlsk wlthout slipstremr rotatlion is
representsd by the horizontal line at ¥ =42. The
difference between the two condlitlions on the graph,
therefore, renresents the effect of slipstream rotation.
The difference can be translated Into a correction F

to e sdded to the values of F Tfor the actuator disk
as used herein.

It 18 assumed that Frot is proportional to both

Fy and Fiv. In that case, from ths dsfinltlion

h

¥y = ('73)

\n
1
o'
o
o1
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it follows thnst

T

Tha effsct of p on the rotatlonal-energy loss 1s
nolected, 1Tn eddition, the effect of blade sheps is
left to ve deterrin-d.

Fioare 15 showg the curvs of tue rot~tlonsl-encrgy-
loss ratio F,,/F; vloitted apelnat Y. Tas quantity
Erot mast b2 added to the valuves found for [, to

E S
correct four rotational-zacrgy lcss.

c, Tffsct of funter of Riedes on F:rfor.nance
Tha cffsctlve-ditmetar fsctor 1B 1ls glven in mefsr-

ence £ oy en 9xnresalcn, which in thse symbols >f this
pans>r be:cones

1,285

=1 -

)

A
[ a2 7

Tor small A, this equation simolilies to

c''N

B =1 - 1.355¢ (76)
whers, for vertical fllght,
\ - XEL+ Vy
GR
T\ vy
= G + \—r)g-— (77)
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-Solving-equations (76) and (77) for bY, .end using the
expreasion (26). for v_/V. 7yleld

. IR : ~
¥ -
bY, = 0.678 = (1 /1 + —— (73)
_ 1-B 2p2
' S Po¥y B
Curves. of B agalnst DdY, for Eeveral values

of Y, are shown in figure 16. Also shown in this
figure are curves for several values of Y,. These

curves were obtéinad as followa:

In horlzontal fllght with 4 =0

Vh *h
A= V, T, (79)

-From equation (7C¢) sné the expression for Fy (equa-
: h
tion (20)),

F{
A= 550—Y—E (GC)

t

and substituting equation (80) in equation (76) glves

F
. 1
B =1 - 745 =B . (81)
. bY,,
The function Fy ié plotted agalnst Yy, 1n figure 2

. ) h
end curves of B against DY, s&are plotted in figure 16
for ssveral valuss of Y. .

The effect of bYt' on Fy remalns to be determined.
For convenience, the increase in F due to a finite
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number of bledes 1s represented by Fb' Then, from squa-~
tion (27),

Y

Ty -1

+ (82)

\/ ZPOB b 2p0

In fizure-17 ere plotted curves of Fy, againet DY,
for hovering aend verticsl climk, Also skown in this
fi.uros are curves fcr-severai values o Y, , whick
were obtained as Ionllows,.

From eguetione (19) and (29),

1

q
J = ZI;EEE (83)

(5501’1}1)2 [(5503'%)2 + 3y 2

Then' B, et any Y, 1s the difference betwsen ¥y

o)
calculated from equetion (& witn B from eguation (1)

Z)

o

and Fi,, for B =1 (flg. 2). OCurves of F, agairst
bYy are plotted for szveral vwelues of T, 1in figure 17.
Altrough the theory thus eoplled to horli-ontal fliglt
waa derived only for vertical cliwb, it is consldered
satlsfactory Irn view of the smellness of F,

For e tyonical vslus of DY, = 1860, Fb = 0.02005
in hovering or a correcticn on Plv of only 2 percent.

It follows that but Jlttle Improvement In asrodynamic
performance ccn result from increasing the number of
blades without changing the s0lidity.

8. EXANPLE

The method for caelculating the performance of
helicopters by means of the charts-that have been
develonad herein 1s lllustrated for a éonventlonal



NACA ACR No. LSEOL - 33
Section 8

helicopter similar to the Sikorsky YR-lj. In thkese
calculations the effact of blede shaps 1s not fully
accounted for. The performance chsaracteristics to be
determined are:

(a) Power'féqutféd:fdr'ﬁoverin33

(b) Power required at yu = 0.2 !high-speed condi-

L4

tion) -
(¢) Stalling limit in high speed
(d) Best climbing speed
(o) NMmaximum rate of climb

The following values are selected as the design
speclficatlons: ‘

Gross welght, W, pounds . . + ¢« ¢ + ¢ « ¢« « o« « & « 2550
Fuselage 1l1ft . . . . e o o o s = &« s s « o« Kegligitcle
Blace sha e (see sketch )

fig. « ¢« s s s o s s o+ » Tapered end twilsted 7°
Numcer oI blades, [> IS B
Blade=-slerient profille \convsntionel rough)

Al rfoll polar of figure 12 adeptad from

referercs 7

Rotationsl tio spezd, (IR, fest per second . . . . . L&O

Blade rad’us, R, Faot &« ¢ &« &+ ¢ ¢ &+ o o + o o o & « « 19
Fuselsge cqulvalent flat-3late arsa in
hor}zontel flight, fy, squere fest . . . . . . . . 20

Density ratio, A/Fy + ¢ ¢ ¢ o . o s s e e e s . ]
I'rom the foregzoing valuss, the following essential

quantitles sre first calculated for subsaquant use in the
perforrancs nalculatlons

A = 1134

v _ .
T = 2.25
f
~ — -—]:l — <.
be =k - 0.0176:
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and by grephicsl integration

¢ =4 | o.xdax = 0.056
0

a. Power Required for ﬁovering

The power redulred for Lovering l1s calculated as
the sumr of four centrlbutions. The conditlion of hovering
1s treated as a limiting cese of vertical flight. =IZxpreased
In terms of power-losdins psrameters,

Rt Py v Fp

v

wrere the contributions are, rasspectively, due to rotor-~
bleade drag, axial-induced loss, rotatioral-energy loss,
end wlede~tip lozs due to 2 finite aumber of blades. In
this exemple, these contributiouns will be ceaiculated and
totallsd. -

In order to find Fg, it 1= naecessary to find J,
the averaze effective blade profile-dreg coefficient.
Prom figure 11, for u = 0,

chYtd = 2500

Therefore,
prl
¢, = é‘:g
OY.t-
_ 2500
0.056 x (320)%
= 0.l
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.. From the airfoll polar (see fig. 12)

6 = 0.0122

From figure |, the profile-drag power loss 1s glven
in terms of Fg by

F
il +
od 171

Therafore

F,. = 0.056 % 0.0122 x 17.7

0.0121

From figure 5 at Y, = O read the induced-power-loss
term for wntwistad rectengulor blaedes

Fiv = 0.026] % 1.006

0.0280

From figure 15 read at Yt = 320,

-1
Lrot

Fy

= 0.0115

The rotational-onergy=-loss term 1s therefore

Fpot = 0+0115F;

0.0115 x 0,0280

0.0003
<“E
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From figure 17 resd for Yy = 0 at DY, = 960  the
blade-tip-loss term F, = 0.0006. Then compute

Fo = Fg * Py, * Frog * 1y

0.0121 + 0.0280 + 0.000% + 0.0006

0.0410

Trom ths definition of Fys

calculate for the given valuss of A and W

o fE
Py = Byt |3

0.0L10 x 2550 x 1.5

157 horszpower required to hover

The valus thus obtalned spvlles to untwisted
rectangular bladea. Such a calculation 1s usaful for
éetarmlining the effscts on hovering of all the aero-
dynamic dealgn varlables. Then ihs sffects of bhlade
shepe are of priwary 1interest, howesver, blade-slemsnt
computations may te mads by equations (33), (39), and (L0)
snd the thrust ond torqus coefficlents may be found by
grevnhicsl integration. when thls grocedure is followed
for the given tapersd bladc with 7% linear twist, it 1s
found that the orofile-drag losa 1s unchanged but
By = 0.0273; that 1s, by the short method the induced

v
loss calculated is too large by 3 percent. The power
required for hovering is then 15 instesd of 157 horsepower.



- NACA -ACR_Ng. LSEOL - <SSR

Section &

This comparison daoes not take into .account the change in
fuselage down lo&d .due to the changed rotor-slipstream
velocity distribution. It 1s noted, however, that
improvemesnts in.blade deslign which decrease the lnduced-
power loss must lncresese the downwash through the central
~ portion of the rotor disk bensath whlch ls generslly
located the widest part of the fuselage. The resulting
inore&se 1in ‘fuselage verticael drag tends to reduce the
net gain from 1mproved disk loading.

ﬂhen the effect of bldde shape on hovering perform-
ance is to be determined, the induced-power-loading
term Fi, should be obtained from element c&lculations

but the profile-drag loss as dotermined from & 1s
generally ssestisfactory.

b. Power Requlred for Flgh Speed

The power requireé for high-speed horizontal flight
is calculated as the sum of five countributions. Exoaressad
In terms of power-loading narameters,

Fp =T * Fp, ¥V + Frog + Fy

where the contribuvtions are due, respectively, to rotor-
blade dra,;, fuselage drag, axial-induced loss, rotstional-
energy loss, and tlade-ti» loss due to a finlte number

cf bledes. In the exzample, these contrlibutions will be
calculated snd totalled.

In order to find Fﬁ, it 1s necessary, as in the
case of hovering (secztion 8a), to find &. From figure 11,
fer p = 0,3, read values of oc xfg/looo at a number of
abscissa gtations from # - l = 0 to 1. For each station

calculate c; by use of the given value of

» .
V" _ 0.056(320)2
1000 1000

5.7l
<l
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For eabh value of °z thus’ obtalned, read °q,. from

the airfoil polar (fig. 12) aend multiply each value
.of °d by the welghting factor ¥T.F. read .from the

uprer set of curwes for p = 0.3. Then plot these
products against the sbsclssa and integraete granhically.
The result 1s §. For the glven blede the curve of

(%.F. )ud is shovn by the solld-llne curve. ln figure 13

and fro“ the area under the cuvrve & = 0.0121, In the
determination of & 1in the manner just descrlbed, the
effect of the inflow through the rctor-dlst has heen
neglected to slmpllify the explenation. Then this effect
is to be consldered, the procedure for finding o6 1s
altered, &s explalned in esction T7e, in the following
menner: ’

caleulate the velus of ‘-ig +20p, . In thls case,

n

tiie value of & found for hovering mey be convenicntly
used bacause the finel deterwinetior of 6 for horizontal
flight 18 relativsaly insens'tive to.the approximate value
used et tlils polnt. Ther,

+

n

Q
I

_(0.056' x 0.012.2)+(2_ X 0.0176)
9.3

0.0375

Calculate ¥, = u¥y ='90 eand tken interpclate betweren

the curvas of 98 & 2Cp, .1a the lower part of figure 8

to the value 0.0375 and at ¥, = 96, »nrocesd upward to
the curve of gy = 0.% 1n the upper nart of the graoh and

read the-stelling 1irxit oYta = 1,270, For tne sams curvs
of y read also at Ao 0, dYtz = 3500. Ths ratio of

theas two -wvaluss of oYtZ 1s now to be used as a factor

to increase the valuss of ok talned from the lower
pert of figure 11. The rccufting curve of (¥.F.)cy
o

1s shown dashed In.figure 13 and gives. the wvalue
& = 0.C127. i
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- -From figure li read for Y, = 320

Fa

= = 17.7
os(1 + h.6u23

Therefore, the proflle-dreg power loss ls glven by

Fg 17.705(1 + h.spf>

17.7 % 0.056 = 0,0127 x(1 + 0.41)

0.0178

From figure 3 reed, for Y,
quanti iy

pYp = 0.3 »x 320 = 96, the

Therefore,

¥, = 1,77C
£ D
n

1.77 % 0.0176

= 0.0312
From figure 2 read the induced-power loss for Y, = 96

F, = 0.0040
In
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Section 8

From figure 15 read at

L NACA ACR No. ILSEOL

F
Yy =.320, v§§¥ = 0.0115 and
L

hence tlLe rotational-energ}-loss term ls

Frot

waich is negligible 1n

= 0.0115F;
5 iy,

0.0115 x.0.00hD

0.00005

comparison with T.

From figure 17 for VY, =3 X z220 = 960, read for
Y=0 the tip-loss tsrm

F, = 0.95006

Then, find the sum

=
s 3
{

= 1—'5 + F;Eh

0.0178 +

0.0536

From the definition of

+ F1h + Foog * Fy

0.0%12 + 0.004C + O+ 0.0006

calculate for the ziven velves of A eand W

Fy

- T
—th W'vi

0.0533 x 2550 x 1.5

205 horsepower
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This power 1s.requlired by the rotor in horizontal flight
at " 4 ="0.3, thdt 1s, at 98 miles per hour.-

c. Stalling Limit in Figh Speed

In order to eastinate whether a rotor has sufficlent
sollidity to avold stalling 18 the high-speed flying
condition, the stalling 1limit 1s calculated by means of
e chart simllar to figure 8. The upper part of figure 8
applies only to untwliated rectangular blades. The effects
of linear twist aend tapser are lllustrated in figures 9
and 10, respectively, for the condition yu = 0.3

and % = 0.1. Also, graphs simllsr to the upper psrt of

figura 8 can be constructed for any corbination of linear
twist and tseper by meens of equations (59), (61), and (63)
develored in section &. For other blade shapes it may

be vossible to obtaln analytic solutions for the actusl
blade twist snd taper, as wus done in sectlion 5 for the
linesar shares, or 1t may e desirable to obtain some
experimental polnts and to felr in curves for an apmroxi-
mately eguivalent linear twist asnd taper.

Tn the present example, the stalling limlit is
deterrined for untwlsted blasdes of the equlvalent solidity o
of the blade sketched in figurs 18 in order to illustrate
the use of the type of chart of figure &. The procedure
follows: Calculate ¥, = u¥y = 96. Also, with the value

of & obtained from section 8b for high-spsed flight

o6 _ 0.056 x 0.0127

v 0.3
= 0.0083
9 4 26, = 0.0023 +(2 x 0.0176)
B th

0.0375
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Section 8
The stalling 1limit can now be read from figure 8.
Tnterpolate between the curves of L] + 2C in this

D
bif
figure to the value 0.0375 end at Y = 96 proceed

upweard to the curve u = 0.3 1n the ugper part of the

graph and read the stalling 1limlt oY~ = L4270, Tor
Yt = 520, o = 0.0LI.Z-

Since this velue of 0 1s some 25 percent smaller
than the given valve of C.056, the given blade solidlty
1s sufiiclently large to avoid stall. ILkote that fig-
ures 9 and 10 show that the effects of twlist and taper
are to lower the stelling limit still further. As
explainad in sectlion 6, figure 8 should be regarded as a
reans of estimating relative tendency to stall and not
as determining the sctuai opsreting condition at which
stall occurs.

d. Best Climbing Speed

The best-climbing-speed pecrameter Ybest 1s glven

In figure 7. In order to use thls filgure 1t 1s necessary
to calculate 08Y,; 1n which the value of & 1s for
horizontel flight at the best climbing speed. The valus
of & = 0.0122 obtained for hovering in section 8a may

be used satisfuactorily because in this example & variles
only slightly with p and increases to only 0.0127 at

g = 0.3. Then,

08Y, = 0.056 x 0.0122 x 320

0.22
Also,

2000, =200 x 9.0176
h

= 3,52
o5Y, + 200C = 3.7,
t th
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A stra%ght edge 1s then laid on figure 7 passing

.. . ok - .
through 1ot = 0.022  on the leéft-hend scale end

L.[o8Y, + 2000, ) = 0.374 on the right-hand scale.
10 h .

The intersection with the dash-line curve 1s &t
Yyest =Yh0-h- The first spproximation to p 18, there-

fore, —%Sﬂi.= %ﬁ;%-: 0.126. With this value of ks &
£ .

second approximation to & could be calculated for use
with figure 7 by the procedure of sectlion 8b but, as

in this cagse, the firat epproximatlon is uwsually sufficlent
because the lncresse irn 3 wlth uyu 1is small. The best
climbing speed 1s therefore

v P
- w0
Vhest = Ybest vz F

Lo.lw/2.25

= 60.6 feet por sacond

L1.3 miles per hour

e. Vaxirum Rate of £1imdb

The rate of climb 13 obtained from figure 6 and the
maxlsar rate of climb 1s obtalned with Y = Ybest' From

section 84, Yypegy = LO.L4. The value of F, for
Yoest = th & 1l0.l, 1is obtainsd by & procedure similar to

that of sactlon £b. The result 1s (on the assumption

that ¢ =
D cnfh)

Fp = Fp + Fp + Fip + Frop + Fy
= 0.0156 + 0.0026 + 0.0093 + O + 0.0006
0.0281
“saungpenuih.
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Section 8

Also, 1f the evallable rotor power 1s assumed to be
200 horsepower,

1
O
o

\n
n
\N

and

H

0.02).2

From figure 6, reed Y, igr Y = Tpest = 4O-L;

Y, = 13.5., The maximum rate cf clirb is thersiore

I
NY
)
;

20.25 feet per second

1215 feet per minute

COMCLUDING RENMERIS

Ths rclations among the princljsal helicopter aero-
Cynamic deslgn and performince verlables heve becn sxpressed
in terms of powsr-loadling verameters and apeed rvaramneters,
both of which are functlons of the rotor 8isk loadiag.

The relatlions ameng these perameters have been plctted
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for various conditions of steady powered fllight to

reduce the labor necessary to use them ln numerical per-
formance computations. In a concluding numerical example,
sample computations, which may be used as a general gulde
for other calculations, are worked for a conventlonal

type of helicopter.

Langley Memorlal Aeronsutical Laboratory
National Advisory Commlttee for Aeronautics

Langley Fleld, Va.
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- APPENDIX
SYMBOLS
a rotor-disk aree, 8q ft
a slope of the 1l1l1ft curve (%7.>
T
al rotaetional Intsrierence facter
B Factor eprlied to rotor-disk diameter to alliow for
blade-tlp effect duoc to firlts-blarde numbder

b numbar of blades 1n the rotor dlsw
c blede chord Sy = [k + (1 - k)] ct)

Cn hellcopter dre coafftcient alonzg flight path,
f excluslve ar rotor vledses, bassed on rotor-disk
arsa A

cdo rotor-blads~element profile;drag cneffizient

ey - rotor-blade~alenent 1l1ft coefllcient
CQ torgue coefficient 3-—5
PAR(QR)
T 1
c thrust cnefficlernt Cm = =
T T 2 2
PA(QIP) Po¥t
D helicopter drag, 1b
i PowAr- loading perarzter for any flisht
-\ath v \\/ - T——)
Fb Incroase in F due to finlte-blade number
T increase in F due to gslipstream rotetion

rot

s>
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i

A

v

vll

fuselage equivalent flat-plate area based on unite-
drag doefflciént, sq £t

blade linear taper ratio

flgure of merit <

1l
550F/Fo

rotor power, horsepower

rotor power, ft-1b/sec

rotor torque, 1b-ft

rotor-dlsk radiuvs, ft

radius to a point on rotor blade, ft
rotor axial thrust, 1b

induced axisl velo"1t¥ in iotor disk, ft/sec
(poaitive downrward)

veloc}ty of the helicopter slong 1ts flight path,
ft/ses

resultant wind velocity through the rotor dlsk,
£t/sec

resultent veloclty of a rotor blade zlement, ft/sec
rate of 21limb, ft/sec

gross welght of the hellcopter minuas the fuselage
11ft, 1b

veighting factor

radlius retio (%)

L

helicopter veloclty parameter (/ = —:)

helicopter rate of climb parameter ( - p_>
0

SR
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Yhest
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value of Yh for mindnmum Fh

rotor tip-speed perameter (ﬂRVé $9-> ' .
0

engle between flight nath and horizon, radiens
angle between rctor disk and flighkt path, radlans

blade~-element angle of attack. from zero 1lift,
radlans

ar:gla between rotor diskx and horizon, radians

rotor-hleds everage erfective prolfile-drag coef-
ficient

hlade~-elemant pitch angle, radiaus

(Bt + 91(1 - %) - 92 sin\p)

blade tip angle at zaro ezimuth, redlsas
engle of lineser twist of the blade, radlans

arplitude ol harmonlc =itch control for lateral
balar.ce of ths rotor, radians

+ gin a) —E __AQR is speed of axlal flow
co0s G.l

through rotor disk (positive dovnward)

ratlo of thoe khorlzontal component of speed of the
heli~opter to the rotetional tip spesed of the

rotor
V cos aq Yh
BT TaR T Yy

mass denslty of alr st altitude

mass densit. of air at ses level
(0.002378 alug/cu ft)

o
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' 1

- [ o .-

o equivalent solidity | o = —— = I d/‘Gxx3dx
U[,x3dx 0
0

bex
Oy = —=
x R
'] engle of inflow, radians
\j blade azimuth measured from down-wind position in

direction of rotation, radians
Q rotor angular velocity, radlans/sec
Subscripta:
r due to fuselage drag
h for horizontal flight
1 induced
t at the blade tlo
v for vertlcal flight
L =

x for the radius ratio (R x)

due to blade proflle drag
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HOW TO USE FIGURE 7

In order to find the horizontal speed for maximum
power loading, calculate o8Yy where

o} rotor-disk equivalent solidity (For rectangular

blades, o = be at x = 1; for other blade

R 1
plan forms, o = h/ oxx3d>
0

o] rotor-blade average effective profile-drag coef-
ficient

A
Y, = OR W‘él where (R = rotational tip speed, fps
0
Calculate 200 CD where
f

Cp helicopter drag coefficient in horlzontal flight
f exclusive of rotor blades, based on rotor-disk
area A

Lay a straight edge from the value of obYt on
the left-hand scale to the value of o0Y; + 200 CDf on

the right-hand scale and read, as illustrated by the long
dashed lines, the lntersection with the so0lid curve on

= ‘/éi
the scale of Yiest = V e pO’ where V 1s the horizontal
speed in feet per second for maximum power loading. In
case the value of 05Y, + 200 Cp, 1s grester than 0.6,

read the vertical scsles times 10 and use the short-dash
curve to find Ypest-

The use of figure 7 1s illustrated by a numerical
example in section 8d. The equation of the figure is
derived in section 5.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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HOW TO USE FIGURE 8

The solidity O on the figure 1s for rectangular
blades with a 1ift coefficlent of 1.5 at the tip of the
retreating blade in horizontal flight. The figure 1is
read as follows:

Calculate Y = Vh\/% i% where V), 1s the hori-
zontal speed in feet per second.

Caloulate e8 . ZCD where
(4] b <%

1
g equivalent solidity é: h/ 01159
0

3 rotor-blade average effective profile-drag coeffi-
clent (see fig, 11)

M ratio of the speed of the helisopter to the rotational
tip speed of the rotor blades

Cp helicopter drag coeffisient in horizontal flight,
be exclusive of rotor blades, based on rotor-

disk ares A

Read the figure as shown by the dashed lines, entering
the chart with the value of Y, on the lower left-hand

scale and from the curve of (23 + 2(713r projecting
h

upward to the curve of u and reading the required value

of aYtz on the left-hand scale. Then, 1f the value o
computed from thZ with the known value of p £ =R %-’%

is larger than the given ¢, the blades are too narrow
for a tip 1ift coefficient of 1.5. The value of O
required for a 1lift coefficient of 1.5 may be obtalned
by successive approximations.

The use of figure 8 1s 1llustrated by s numerical
example in section 8c. The equations of the flgure are
explained in section 6.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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HOW TO USE FIGURE 11

In order to find the effective profile-drag coeffi-
cient 8, first read from the flgure values of gcq Y,

and W.F. for several stations slong the abscisss

from <% - % = 0 to 1 and for the appropriate value

of u, where

1
o equivalent solldity G = uf Oxx3d1>
0

cy rotor-blade-element 1ift coefficlent

= I/A L
& rotor tip-speed parameter 6(.,: = QR - po>

Y
n ratio of the horizontal component of speed of the
helicopter to the rotational tip speed of the
& _Vcos ag
rotor p = aOr

From the known value of oYfa, compute e, for each

station selected. From the sirfoil polar for the blade
section at the 0.8 radius, read values of the profile-
drag coafficlient 4, corresponding to ¢, and plot

(w.P.) C4, against % - % as 1llustrated in figure 13,
The area under this curve 1s the value of §.

The use of figure 11 is 1llustratea by a numerical
example of section 8. The equations of the figure are
explained in section 7a.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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